Quinolones trap the covalent gyrase-DNA complex in Escherichia coli, leading to cell death. Processing activities for trapped covalent complex have not been characterized. A mutant strain lacking SbcCD nuclease activity was examined for both accumulation of gyrase-DNA complex and viability after quinolone treatment. Higher complex levels were found in ⌬sbcCD cells than in wild-type cells after incubation with nalidixic acid and ciprofloxacin. However, SbcCD activity protected cells against the bactericidal action of nalidixic acid but not ciprofloxacin.
D
NA topoisomerases change DNA topology through a DNA breakage and rejoining mechanism in which the DNA breakage step involves the formation of a covalent topoisomerase-DNA complex that is rapidly reversed upon DNA rejoining (1) . The quinolones are effective broad-spectrum antimicrobial agents that target bacterial type IIA topoisomerases, DNA gyrase (2) , and topoisomerase IV (3, 4) by trapping the covalent topoisomerase-DNA intermediate. Although much is known about the mechanism of action of quinolones, the repair of quinolone-mediated lesions is poorly understood. Repair of lesions caused by quinolones is expected to reduce bacterial cell death. In eukaryotes, a number of repair activities for trapped topoisomerase-DNA complexes have been reported (5) (6) (7) (8) (9) (10) (11) (12) , suggesting that functional redundancy from multiple repair pathways may also be found in bacteria. One of the most extensively studied eukaryotic repair proteins is the highly conserved Mre11/Rad50 (MR) complex (13) . MR complexes consist of a nuclease (Mre11 in humans and Saccharomyces cerevisiae, with the homologues SbcD in Escherichia coli and Gp46 in bacteriophage T4) and a structural, ATPdependent, coiled-coil protein (Rad50 in humans and yeast, with the homologues SbcC in E. coli and Gp47 in bacteriophage T4) (Fig. 1) . In E. coli, previous biochemical studies with purified components demonstrated that the enzymatic activity of the SbcCD nuclease can unblock DNA ends sealed by covalently bound biotin-streptavidin protein complex when the activity of the enzyme was restricted to the DNA duplex termini (14) . However, experimental evidence for E. coli SbcCD participation in repair of trapped topoisomerase-DNA complex in cultured cells has not been reported. In order to gain insights into the mechanisms through which bacteria can deal with quinolone-mediated lesions, we investigated a role for the SbcCD nuclease in the repair of quinolone-trapped gyrase-DNA complexes.
We previously developed a method for the analysis of covalent topoisomerase-DNA complexes accumulated on chromosomal DNA of E. coli cells in cultures (15) . A similar protocol using cesium chloride density gradient sedimentation to detect topoisomerase-DNA complexes has been used to characterize the relevant processing and repair activities in eukaryotes (16) (17) (18) . In this study, we utilized our previously developed method to investigate repair of quinolone-stabilized gyrase-DNA complexes by the SbcCD protein.
In order to investigate a potential role for SbcCD nuclease in the repair of quinolone-stabilized gyrase-DNA complexes, a mutant strain with an sbcCD deletion was used to determine the effect of the mutation on viability after quinolone treatment. The ⌬sbcCD strain was constructed by P1clr100 transduction selecting for kanamycin resistance using E. coli strains BW27784 [⌬(araDaraB)567 ⌬lacZ4787(::rrnB-3)
:Kan] (20) as the recipient and donor, respectively. Following transduction, the kanamycin resistance marker was removed as described previously (21) . Transduction of the sbcCD::Kan allele and removal of the kanamycin marker were confirmed by PCR with the primers5=-CCCTCTGTATTCATTATCCTGCTG-3= and 5=-TCT GTTTGGGTATAATCGCGCCCATGC-3=.
Nalidixic acid was added to exponentially growing cultures (optical density at 600 nm [OD 600 ] ϭ 0.4) of the E. coli parental strain BW27784 and the ⌬sbcCD mutant derivative at 8 g/ml (2ϫ MIC). Following addition of the drug, cultures were further incubated for 30 to 90 min before dilution and plating on drugfree LB agar plates. Colonies were counted following overnight incubation of the agar plates. As shown in Fig. 2A , the ⌬sbcCD deletion mutant showed an ϳ6-fold decrease in viable CFU/ml following 90 min incubation with 8 g/ml nalidixic acid compared to the viable counts at time zero. In contrast, only growth inhibition, not a decrease in viable CFU/ml, was seen for the parental strain at this 2ϫ MIC nalidixic acid concentration. Measurement of MIC by the broth macrodilution method showed that the ⌬sbcCD mutation did not change the MIC for nalidixic acid, which correlates with inhibition of DNA replication (22) . The ⌬sbcCD mutation had no significant effect on growth in the absence of quinolone, as seen in a spotting assay and in a growth curve monitored by absorption at 600 nm (see Fig. S1 in the supplemental material). Collectively, these data support the contention that for quinolones, blocking growth and killing cells are distinct events.
To demonstrate SbcCD-mediated processing of quinolonestabilized gyrase-DNA complexes in cell cultures, the level of gyrase-DNA covalent complexes in ⌬sbcCD chromosomal DNA was compared to that in the parental E. coli strain following quinolone treatment. The previously described method based on CsCl gradient centrifugation (15) was utilized to separate free gyrase from DNA-bound gyrase based on their different densities. Representative immunoblots, probed with antibodies against GyrA, from experiments repeated at least three times are shown. As expected, accumulation of gyrase covalent complexes in chromosomal DNA was observed by immunoblotting following 30 min of incubation with 1ϫ (4 g/ml) and 2ϫ (8 g/ml) MIC of nalidixic acid in both the parental and ⌬sbcCD mutant strains (Fig. 3A, fraction 3) . However, 1.7-fold Ϯ 0.4-fold-higher and 2.0-fold Ϯ 0.1-foldhigher covalent complex levels were observed in the ⌬sbcCD than in the parental strain at 1ϫ MIC and 2ϫ MIC, respectively (means Ϯ standard errors of the means [SEM]) (Fig. 3A) . This difference in covalent complex accumulation was not due to a difference in gyrase expression, as shown in blots of fractions containing free proteins (Fig. 3A, fractions 8 and 9 ) and Western blots of the total GyrA subunit (data not shown). Because quinolone inhibition of DNA synthesis (22) (23) (24) and gyrase covalent complex formation (15, 24) takes place within minutes following addition of the drug to the medium, we speculate that potential repair activities for trapped gyrase-DNA complexes may act within the first minutes of incubation with quinolones as well. Therefore, the accumulation of gyrase-DNA covalent complexes in ⌬sbcCD mutant was investigated at earlier time points (5 and 15 min). Levels of gyrase-DNA complex in the ⌬sbcCD mutant were 3.7-fold Ϯ 1.4-fold and 4.1-fold Ϯ 2.7-fold (means Ϯ SEM) higher than those in the parental strain at 5 and 15 min, respectively, after treatment with 8 g/ml nalidixic acid (2ϫ MIC) (Fig. 3B) .
Previous studies showed that the cell death pathway triggered by narrow-spectrum quinolones, such as nalidixic and oxolinic acids, is protein synthesis dependent, since nalidixic acid-mediated chromosome fragmentation and cell killing are blocked by chloramphenicol, a protein synthesis inhibitor (25, 26) . A second quinolone-mediated cell death pathway that can be induced by expanded-spectrum fluoroquinolones, including ciprofloxacin, is independent of protein synthesis (25) (26) (27) . In order to investigate whether the repair activity of SbcCD protein has an effect on ciprofloxacin-mediated loss of viability, we compared survival of the ⌬sbcCD E. coli strain and the parental strain following 30, 60, and 90 min of incubation with ciprofloxacin at 0.062 g/ml (2ϫ MIC). Cell death was observed for both the parental strain and the mutant at this ciprofloxacin concentration. No significant difference in loss of viability was observed between the parental strain and the mutant (Fig. 2B) . These results suggest that the repair activity of SbcCD has little effect on the protein synthesis-independent cell death pathway induced by ciprofloxacin and thereby provide independent support for the existence of that pathway. Nevertheless, 2.0-fold Ϯ 0.3-fold (mean Ϯ SEM)-greater complex accumulation was seen in the ⌬sbcCD mutant than in the parental strain after 5 min incubation with 1ϫ (0.031 g/ml) or 2ϫ (0.062 g/ml) MIC of ciprofloxacin (Fig. 3C) . This discordance between complex number and killing raises the interesting possibility that lethal complexes differ from bacteriostatic ones, and killing may be a function of the drug being bound in the complex.
Our results show that the activity of SbcCD helps to prevent cell death from the protein synthesis-dependent cell death pathway associated with nalidixic acid. However, the protein synthe- sis-independent pathway induced by ciprofloxacin appears not to be impeded by the SbcCD processing activity, possibly because this pathway is triggered more rapidly or irreversibly by the lethal complexes following treatment with ciprofloxacin. There may be multiple processing mechanisms for topoisomerase-DNA complexes, as has been shown for the processing of yeast and human topoisomerase complexes (5, 8, (28) (29) (30) (31) , which remain to be characterized for E. coli.
